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©  Beta-hydroxybutyrate  polymers. 

©  High  molecular  weight  copolymers  containing  0- 
hydroxy  butyric  acid  residue,  i.e.  units  of  the  formula 

-  O.CH(CH3).CH2.CO  -  

and  up  to  50  mole  %  of  residues  of  other  hydroxy  acids,  viz 
units  of  the  formula 

-  O.CR'RMCR^XCO  -  

<J  where  n  is  0  or  1  and,  if  n  =  1  and  R2,  R3,  and  R4  =  H,  R2  is  not 
methyl. 

0)  The  copolymers  are  made  microbiologically.  for  part  of 
If)  the  cultivation  the  micro-organism  is  under  conditions  of 
Ĵ"  limitation  of  a  nutrient,  e.g.  nitrogen  source,  required  for 

growth  but  not  polyester  accumulation.  For  at  least  part  of 
N  this  period  of  growth  limitation  the  substrate  is  an  acid  or  a 
tf)  salt  thereof  that  tives  the  comonomer  units.  Propionic  acid, 
©  which  gives  polymers  where  n  =  1,  R2=R3=R4=H  and  R1  = 
^   C2HS,  is  the  preferred  acid. 
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High  molecular  weight  copolymers  containing  β- 
hydroxybutyric  acid  residue,  i.e.  units  of  the  formula 

and  up  to  50  mole  %  of  residues  of  other  hydroxy  acids,  v i z  
units  of  the  formula 

where  n  is  0  or  1  and,  if  n  =  1 and  R2,  R3,  and  R4  =  H,  R2  is  not 
methyl. 

The  copolymers  are  made  microbiologically:  for  part  of 
the  cultivation  the  micro-organism  is  under  conditions  of 
limitation  of  a  nutrient,  e.g.  nitrogen  source,  required  for 
growth  but  not  polyester  accumulation.  For  at  least  part  of 
this  period  of  growth  limitation  the  substrate  is  an  acid  or  a 
salt  thereof  that  tives  the  comonomer  units.  Propionic  acid, 
which  gives  polymers  where  n  =  1,  R2=R3=R4=H  and  R1= 
C2H2,  is  the  preferred  acid. 



This  i nven t ion   r e l a t e s   to  p o l y ( p - h y d r o x y b u t y r i c   a c i d ) ,  

h e r e i n a f t e r   r e f e r r e d   to  as  PHB. 

PHB  is  accumulated  by  var ious   m i c r o - o r g a n i s m s ,   p r i n c i p -  

a l l y   b a c t e r i a ,   as  an  energy  r e s e r v e   m a t e r i a l   as  g ranu les   w i t h i n  

the  m i c r o b i a l   c e l l s .  

PHB  e x t r a c t e d   from  such  c e l l s   is  a  t h e r m o p l a s t i c   p o l y -  

e s t e r   of  the  r epea t   s t r u c t u r e  

tha t   r a p i d l y   c r y s t a l l i s e s   to  a  r e l a t i v e l y   high  l e v e l   e .g .   of  t h e  

order   of  70%  or  more.  This  c r y s t a l l i s a t i o n   behaviour   is  o f t e n  

d i s advan tageous   when  the  polymer  is  to  be  used  as,  for  example ,  

a  moulding  m a t e r i a l .  

We  have  found  tha t   the  c r y s t a l l i s a t i o n   of  PHB  can  be 

modi f ied   by  i n c o r p o r a t i o n   of  u n i t s   of  a  d i s s i m i l a r   monomer  i n t o  

the  polymer  c h a i n .  

In  the  fo l lowing   d e s c r i p t i o n   of  the  me tabo l ic   pa thways  

l e a d i n g   to  the  polymer  s y n t h e s i s ,   the  fo l lowing   a b b r e v i a t i o n s   a r e  

employed:  

CoASH  is  u n e s t e r i f i e d   Coenzyme  A.  So  CH3.CO.S.CoA 
is  the  ace ty l   t h i o e s t e r   of  Coenzyme  A  and  is  more 

commonly  termed  ace ty l   CoA. 

NADP  is  n i co t inamide   adenine  d i n u c l e o t i d e   in  t h e  

oxid ised   s t a t e .   NADPH2  is  reduced  NADP. 

It   is  be l i eved   t h a t ,   in  the  b i o s y n t h e s i s   of  PHB  by  a  

micro-organism  the  f i r s t   s tep  is  the  s y n t h e s i s   of  ace ty l   CoA. 



This  can  be  formed,  for  example,  from  Coenzyme  A  and  a c e t a t e ,  o r  

by  the  d e c a r b o x y l a t i o n   of  p y r u v a t e ,   which  is  a  product   of  t h e  

g l y c o l y s i s   of  c a r b o h y d r a t e s ,   or  which  can  be  formed  by  d e c a r -  

b o x y l a t i o n   of  o x a l o a c e t a t e ,   the  l a t t e r   being  a  member  of  t h e  

t r i c a r b o x y l i c   acid,   TCA,  cyc le ,   o the rwi se   known  as  the  K r e b s  

c y c l e .  

Thus  with  a c e t a t e   as  the  source  of  ace ty l   CoA,  the  PHB 

is  produced  by  a  metabol ic   pathway  i n v o l v i n g   the  r e a c t i o n s :  

where  (-O.CH(CH3).CH2.C0-)n 1  is  a  PEB  molecule  c o n t a i n i n g  

n-1  r e p e a t   u n i t s .   Thus  r e a c t i o n   4  adds  a  -O-CH(CH3).CH2.CO- 
un i t   to  the  polymer  c h a i n .  

We  have  found  tha t   a  minor  p r o p o r t i o n   of  comonomer 

u n i t s   may  be  i n t roduced   into  the  polymer  chain  by  c u l t i v a t i o n   o f  

the  mic ro -o rgan i sm  under  c e r t a i n   c o n d i t i o n s   in  the  p resence   o f  

c e r t a i n   o rganic   ac ids .   To  be  of  any  p r a c t i c a l   u s e  a s   p l a s t i c s  

m a t e r i a l s ,   the  polymers  should  have  a  weight  average  m o l e c u l a r  

weight ,   (Mw),  above  10,000  e .g .   as  measured  by  gel  p e r m e a t i o n  

c h r o m a t o g r a p h y .  

Accord ingly   we  provide   copolymers  having  a  weight  a v e r a g e  
mo lecu la r   weight  above  10,000  and  c o n t a i n i n g   99.9  to  50  mole %  o f  

r e p e a t   u n i t s  

and  0.1  to  50  mole %  of  r epea t   u n i t s  



where  n  is  0  or  1.  and  R ,  R2,  R   and  R  a r e   each  s e l e c t e d   from 

hydrocarbon   r a d i c a l s ,   such  as  a lky l ,   a r a l k y l ,   a ry l ,   or  a l k a r y l  

r a d i c a l s ;   ha lo -   and  hydroxy-  s u b s t i t u t e d   hydrocarbon  r a d i c a l s ;  

hydroxy  r a d i c a l s ;   halogen  atoms;  and  hydrogen  atoms,  p r o v i d e d  

t h a t ,   where  n  is  1,  if   R2,  R3  and  R4  are  each  hydrogen  a t oms ,  
R1  is  not  m e t h y l .  

P r e f e r a b l y   the  groups  R1,  R2,  R3  and  R4  each  c o n t a i n  

l e s s   than  4  carbon  atoms.  Genera l ly   at  l e a s t   one  of  the  g roups  
R1,  R2,  R3  and  R4  is  h y d r o g e n .  

Such  copolymers  may  be  produced  since  the  enzymes  i n -  

volved  have  a  degree  of  n o n - s p e c i f i c i t y .  

Thus  the  enzyme,  t h i o k i n a s e ,   involved  in  r e a c t i o n   1 

has  a  broad  s p e c i f i c i t y :   i t   wi l l   a t t ach   Coenzyme  A  to  a  v a r i e t y  

of  o ther   c a r b o x y l a t e   groups  according   to  the  genera l   r e a c t i o n  

Reac t ion   2,  i nvo lv ing   the  enzyme  β - k e t o t h i o l a s e ,   can  

be  r e w r i t t e n  

This  r e a c t i o n   appears  to  be  p a r t i a l l y   s p e c i f i c   in  t ha t   one  r e a c -  

tan t   must  be  a ce ty l   CoA.  The  general   r e a c t i o n   is  t h u s  

Likewise  the  s p e c i f i c i t y   of  the  r educ ta se   enzyme  i n v -  

volved  in  r e a c t i o n   3  is  degenera te   and  wil l   reduce  c e r t a i n   f a t t y  

acyl  t h i o e s t e r s   of  the  genera l   formula  R.CO.CH2.CO.S.CoA  as  f o l l o w s :  



The  polymerase  enzyme  of  r e a c t i o n   4  is  not  a b s o l u t e l y  

s p e c i f i c .   The  genera l   r e a c t i o n   can  be  w r i t t e n :  

in  which  R  and  R   may  d i f f e r .  

This  route  t h e r e f o r e   gives  r i s e   to  polymers  c o n t a i n i n g  

u n i t s   of  the  f o r m u l a  

i . e .   u n i t s  

where  R2,  R ,  and  R  are  hydrogen.   Hence  copolymers  can  be  p r o -  
duced  i f ,   in  some  of  the  r e p e a t   u n i t s ,   R1  i s   not  m e t h y l .  

The  β - h y d r o x y l   t h i o e s t e r ,   e .g .   R.CHOH.CH2.CO.S.CoA, 
r e a c t a n t   of  r e a c t i o n   4a  can  also  be  made,  in  c e r t a i n   cases ,   b y  

the  r e a c t i o n s   c a t a l y s e d   by  the  n o n - s p e c i f i c   f a t t y   acid  m e t a b o l i s m  

enzyme  e n o y l h y d r a t a s e :  

(The  r e a c t i o n s   5a,  5b  may  in  f ac t   be  r e v e r s e d ,   i . e .   the  h y d r a t i o n  

of  the  c a rbon -ca rbon   double  bond  may  occur  a f t e r   t h i o e s t e r i f i c a t i o n ) .  

R1,  R2  and  R3  are  not  n e c e s s a r i l y   h y d r o g e n .  

Hence  by  the  use  of  r e a c t i o n s   5a,  5b  and  4a,  u n i t s   of  t h e  

f o r m u l a  

i . e .   u n i t s  

where  R4  is  hydrogen,   can  be  i n t r o d u c e d   into  the  polymer  c h a i n .  

Hence  copolymers  may  be  produced  provided  tha t   in  some  of  the  r e -  

peat   u n i t s   R  1  i s   not  methyl  i f   R2  and  R3  are  h y d r o g e n .  



Also  the  polymerase  enzyme  of  r e a c t i o n   4a  may  be  n o n -  

s p e c i f i c   so  that   i t   can  u t i l i s e   some  r e a c t a n t s   having  the  h y d r o x y l  

group  in  the  oC-posi t ion,   for  example  r e a c t a n t s   of  the  t y p e  

which  i n t roduces   un i t s   of  the  f o r m u l a  

i . e .   un i t s   of  the  f o r m u l a  

where  n  is  0,  into  the  polymer  c h a i n .  

The  polymerase  enzyme  may  a lso ,   in  some  cases ,   u t i l i s e  

β -hydroxy   r e a c t a n t s   of  the  f o r m u l a  

These  r e a c t a n t s   can  be  made  from  the  co r r e spond ing   β-hydroxy  a c i d s  

by  r e a c t i o n   1a,  i . e .  

e .g .   β - h y d r o x y b u t y r i c   acid  which  gives  β - h y d r o x y b u t y r y l   CoA  and 

p i v a l i c   acid  which  gives  p i v a l y l   CoA 

Such  r e a c t a n t s   can  thus  i n t r o d u c e   u n i t s   of  the  f o r m u l a  

into  the  polymer  chain,   and  so  copolymers  can  be  produced  p r o v i d e d  

tha t   in  some  of  the  r epea t   u n i t s   R1  i s   not  methyl  if   R2,  R3  and  R4 

are  h y d r o g e n .  

With  some  u n s a t u r a t e d   a c i d s ,   i n s t ead   of  r e a c t i o n s   5a,  5b 

occur ing   it  is  also  p o s s i b l e   tha t   the  polymer  s y n t h e s i s   p r o c e e d s  

via  a  route  involv ing   r e a c t i o n s   2a  and  3a,  as  well  as  hydra t ion   o f  

the  carbon-carbon  double  bond  by  a  r e a c t i o n   such  as  5a  or  r e d u c t i o n  

of  the  carbon-carbon  double  bond,  e .g .   by  a  r e a c t i o n  

Thus  one  poss ib le   sequence  is  as  f o l l o w s  





These  r ou t e s   thus  give  copolymers  con ta in ing   the  u n i t s  

i . e .  

u n i t s   where  R2,R3  and  R4  are  hydrogen  and  R  i s  

-  CHR" ' .CHR'R"   a n d / o r  -   CHR'" .C(QH)R'R"  

The  p r o p o r t i o n   of  r epea t   un i t s   II  in  the  copolymer  i s  

between  0.1  and  50,  p a r t i c u l a r l y   1  to  40,  mole  p e r c e n t   of  t h e  

t o t a l   r epea t   u n i t s   in  the  copolymer.  In  some  cases   the  po lymer  

produced  by  the  mic ro -o rgan i sm  may  be  a  blend  of  a  homopolymer 

of  r e p e a t   u n i t s   I  with  a  copolymer  con t a in ing   r epea t   u n i t s   I  and 

I I .   In  t h i s   case  the  o v e r a l l   p ropo r t i on   of  r e p e a t   u n i t s   II  i n  

the  polymer  is  between  0.1  and  50  mole  pe rcen t   of  the  t o t a l   r e p e a t  

u n i t s .   P r e f e r a b l y   the  p r o p o r t i o n   of  repea t   u n i t s   in  the  po lymer  

is  between  3  and  30  mole  %. 

We  have  found  t h a t ,   i n s t ead   of  f o l l owing   the  course  o f  

the  above  r e a c t i o n s ,   in  some  cases  the  mic ro -o rgan i sm  wi l l   p e r f o r m  

e l i m i n a t i o n   r e a c t i o n s   in  a d d i t i o n   to,  or  i n s t e a d   of,  some  of  t h e  

r e a c t i o n s   o u t l i n e d   above,  g iving  polymers  c o n t a i n i n g   β - h y d r o x y -  

v a l e r i c   acid  u n i t s ,   and/or   3,5  d ihydroxypen tano ic   acid  u n i t s  

l i n k e d   into  the  polymer  chain  via  the  hydroxyl  group  in  the  3  

p o s i t i o n ,   i . e .  

u n i t s .   The  copolymers  thus  conta in   u n i t s   of  the  f o r m u l a  

where  R  is  e thyl   or  2 - h y d r o x y e t h y l .  

Copolymers  in  which  n  =  1,  R  is  e thyl   and  R2,R3  and  R  

are  hydrogen  are  p r e f e r r e d .  

Ce r t a in   polymers  con ta in ing   β - h y d r o x y b u t y r i c   acid  u n i t s ,   i . e .  

u n i t s ,   and  o ther   u n i t s   have  been  descr ibed   in  the  l i t e r a t u r e .  

Thus  polymers  e x h i b i t i n g   an  i n f r a - r e d   band  said  to  be  

i n d i c a t i v e   of  e t h y l e n i c   u n s a t u r a t i o n   are  de sc r i bed   by  Davis  i n  

"Applied  Microbio logy"   12  (1964)  pages  301 -   304.  These  p o l y m e r s  



which  are  sa id   by  Davis  to  be  copolymers  c o n t a i n i n g   β - h y d r o x y -  

b u t y r i c   acid  un i t s   and  3 - h y d r o x y - 2 - b u t e n o i c   acid  u n i t s ,   i . e .  

u n i t s   of  the  f o r m u l a  

were  p r epa red   by  c u l t i v a t i n g   Nocard ia   on  n - b u t a n e .  

Also  Wallen  et  al  de sc r ibe   in  "Env i ronmenta l   Science  and 

T e c h n o l o g y "  6   (1972)  pages  161 -   164  and 8  (1974)  pages  576 -   579 

a  polymer  me l t i ng   at  97 -  100°C  ( a f t e r   r e p e a t e d   washing)  i s o l a t e d  

from  a c t i v a t e d   s ludges  and  c o n t a i n i n g   β - h y d r o x y b u t y r i c   acid  u n i t s  

and  β - h y d r o x y v a l e r i c   acid  u n i t s ,   i . e .  

u n i t s   in  the  r a t i o   of  1 :5 .   The  polymer  thus  c o n t a i n s   only  a b o u t  

17%  of  β - h y d r o x y b u t y r i c   acid  u n i t s .   M a r c h e s s a u l t   et  al  r e p o r t  

in  "IUPAC  Macro  F lorence   1980  I n t e r n a t i o n a l   Symposium  on  Macromoles 

P r e p r i n t s "  2   (1980)  pages  272 -   275  a  s tudy  of  t h i s   polymer  and  

conf i rmed  t h a t   i t   con ta ined   mainly  A - h y d r o x y v a l e r i c   acid  u n i t s .  

United  S t a t e s   Pa t en t   S p e c i f i c a t i o n   3275610  d e s c r i b e s  

the  m i c r o b i o l o g i c a l   p roduc t ion   of  p o l y e s t e r s   by  c u l t i v a t i n g  

c e r t a i n   m ic ro -o rgan i sms ,   e s p e c i a l l y   Nocardia   s a l m o n i c o l o r ,   on 

c a r b o x y l i c   acids   c o n t a i n i n g   4  carbon  atoms.  In  Examples  2  and  3 ,  

where  the  ac ids   were  3 -bu teno ic   and  @-hydroxybutyr ic   acids   r e s -  

p e c t i v e l y ,   the  polymers  appear,  from  the  quoted  me l t i ng   po in t s   o f  

the  o rder   of  178 -   184°C,to  be  p o l y ( β - h y d r o x y b u t y r i c   a c i d ) .   I n  

Example  1  however,  wherein  2-methyl  a c r y l i c   ac id ,   i . e .   m e t h a c r y l i c  

ac id ,   was  employed  the  polymer  produced  is  u n i d e n t i f i e d   but  i s  

d e s c r i b e d   as  having  a  mel t ing   point   of  215 -   220°C  and  as  b e i n g  

s o l u b l e   in  methyl  e thyl   ke tone.   In  c o n t r a s t   t h e r e t o ,   copo lymers  

in  accordance   with  the  p r e sen t   i n v e n t i o n ,   c o n t a i n i n g   p r e d o m i n a n t l y  

β - h y d r o x y b u t y r i c   acid  r e s i d u e s ,   have  me l t i ng   p o i n t s   below  180°C 

and  are  i n s o l u b l e   in  cold  methyl  e thyl   k e t o n e .  

When  PHB-accumulating  mic ro -o rgan i sms   are  a e r o b i c a l l y  

c u l t u r e d   on  a  s u i t a b l e   s u b s t r a t e ,   i . e .   a  source  of  energy  and 

carbon,   they  reproduce  u n t i l   one  or  more  of  the  e s s e n t i a l   r e -  

qu i r emen t s   for  r e p r o d u c t i o n   is  exhaus ted .   This  r e p r o d u c t i o n   o f  

the  mic ro -o rgan i sm  is  h e r e i n a f t e r   r e f e r r e d   to  as  growth.  Upon 



e x h a u s t i o n   of  an  e s s e n t i a l   growth  r equ i r emen t ,   f u r t h e r   g rowth  

occurs  only  to  a  very  l i m i t e d   ex t en t ,   if   at  a l l ,   but ,   p r o v i d i n g  

the  s u b s t r a t e   is  not  exhaus ted ,   PHB  may  be  accumulated  by  t h e  

m i c r o - o r g a n i s m .  

With  some  m i c r o - o r g a n i s m s ,   even  in  the  absence  of  a  

PHB-inducing  c o n s t r a i n t   such  as  a  l i m i t a t i o n   on  one  or  more  o f  

the  e s s e n t i a l   growth  r e q u i r e m e n t s ,   PΞBmay  also  be  a c c u m u l a t e d  

while  growth  of  the  micro-organ ism  is  t ak ing   p lace :   however  

the  amount  of  PHB  so  accumulated  is  g e n e r a l l y   small  and  t y p i c -  

a l ly   is  l e s s   than  about  10%  by  weight  of  the  c e l l s   p r o d u c e d .  

Thus  when  grown  in  batch  c u l t u r e ,   the  micro-organism  wi l l   grow,  

with  l i t t l e   or  no  PHB  accumula t ion   u n t i l   one  or  more  of  t h e  

e s s e n t i a l   r e q u i r e m e n t s   for  growth  becomes  exhaus ted ,   and  then  t h e  

mic ro -o rgan i sm  s y n t h e s i s e s   PHB. 

We  have  found  tha t   in  order  to  produce  the  copo lymers  

i t   is  g e n e r a l l y   neces sa ry   to  use  the  acid  tha t   is  to  give  r i s e  

to  the  comonomer  un i t s   as  at  l e a s t   par t   of  the  s u b s t r a t e   d u r i n g  

c u l t i v a t i o n   of  t h e  m i c r o - o r g a n i s m   under  c o n d i t i o n s   wherein  t h e  

amount  of  one  of  more  of  the  e s s e n t i a l   r e q u i r e m e n t s   for  g r o w t h ,  

but  not  PHB  accumula t ion ,   is  l i m i t e d .   Where  there   is  no  s u c h  

r e s t r i c t i o n   of  an  e s s e n t i a l   r equ i remen t   for  growth,  the  a c i d  

wi l l   g e n e r a l l y   b e ' m e t a b o l i s e d   by  the  mic ro-organ ism  by  o t h e r  

pathways  l e a d i n g   to  e .g .   a ce ty l   CoA  or  to  a  member  of  the  TCA 

cyc le ,   and  so  copolymers  wi l l   not  be  produced.   Thus,  as  an  

example,  p rop ion ic   acid  can  be  me t abo l i s ed   by  m i c r o - o r g a n i s m s ,  

in  the  absence  of  any  growth  l i m i t a t i o n ,   via  p rop iony l   CoA,  w i t h  

the  i n c o r p o r a t i o n   of  carbon  d ioxide   to  methyl  malonyl  CoA,  and 

thence  to  s u c c i n a t e ,   a  member  of  the  TCA  c y c l e .  

We  t h e r e f o r e   provide  a  process   for  the  p r o d u c t i o n   o f  

a  t h e r m o p l a s t i c   p o l y e s t e r   wherein  a  micro-organism  tha t   is  c a p -  
able  of  accumula t ing   a  p o l y e s t e r   is  c u l t i v a t e d   in  an  aqueous  
medium  on  a  water  so lub le   a s s i m i l a b l e   carbon  c o n t a i n i n g   s u b s t r a t e  

with  at  l e a s t   par t   of  the  c u l t i v a t i o n   being  conducted  under  c o n -  

d i t i o n s   of  l i m i t a t i o n   of  one  or  more  of  the  e s s e n t i a l   r e q u i r e -  

ments  for  m i c r o b i a l   growth,  but  not  p o l y e s t e r   a c c u m u l a t i o n ,  



c h a r a c t e r i s e d   in  t h a t ,   dur ing  at  l e a s t   pa r t   of  the  per iod  when 

the  c u l t i v a t i o n   is  so  l i m i t e d ,   the  s u b s t r a t e   comprises  an  o r g a n i c  

acid ,   or  s a l t   t h e r e o f ,   tha t   is  m e t a b o l i s a b l e   by  said  m i c r o -  

organism  under  said  l i m i t a t i o n   c o n d i t i o n s ,   to  a  po lye s t e r   o t h e r  

than  one  composed  s o l e l y   o f  -   O.CH(CH3).CH2.CO -  repeat   u n i t s .  

In  th i s   r ega rd   i t   is  noted  t h a t ,   in  United  S t a t e s  

Pa t en t   3275610  ment ioned  above,  the  amounts  of  c e l l s   p roduced  

were  such  that   no  growth  l i m i t a t i o n   were  i m p o s e d .  

In  a d d i t i o n   to  the  s u b s t r a t e   and  oxygen  (which  is  g e n e r -  

a l l y   suppl ied   by  i n j e c t i n g   a i r   into  the  aqueous  medium  in  t h e  

f e r m e n t e r ) ,   va r ious   n u t r i e n t   s a l t s   are  r e q u i r e d   to  enable  the  m i c r o -  

organism  to  grow.  Thus  sources   of  the  f o l l o w i n g   elements  i n  

a s s i m i l a b l e   form,  normal ly   as  water  so lub le   s a l t s ,   are  g e n e r a l l y  

r e q u i r e d :   n i t r o g e n ,   phosphorus ,   su lphu r ,   po tass ium,   sodium, 

magnesium,  calcium,  and  i r on ,   t o g e t h e r   with  t r a c e s   of  e l e m e n t s  

such  as  manganese,  zinc  and  copper.   While  i t   may  be  poss ib le   t o  

induce  p o l y e s t e r   accumula t ion   by  r e s t r i c t i n g   the  supply  of  oxygen 

to  the  f e rmente r ,   i t   is  p r e f e r r e d   to  r e s t r i c t   the  amount  of  one 

or  more  of  the  n u t r i e n t   s a l t s .   The  most  p r a c t i c a l   elements  t o  

l i m i t   are  n i t r o g e n ,   phosphorus ,   or,  l e s s   p r e f e r a b l y ,   magnesium, 

su lphur   or  po tass ium.   Of  these   i t   is  most  p r e f e r r e d   to  r e s t r i c t  

the  amount  of  n i t r o g e n   (which  is  c o n v e n i e n t l y   suppl ied   as  an  

ammonium  s a l t ) .   The  amount  of  a s s i m i l a b l e   n i t r o g e n   requ i red   i s  

about  8  -   1.5%  by  weight  of  the  de s i r ed   weight   of  c e l l s   l e s s  

accumulated  p o l y e s t e r .  

The  f e r m e n t a t i o n   is  p r e f e r a b l y   conducted  so  that   t h e  

dry  weight  of  the  p o l y e s t e r - c o n t a i n i n g   c e l l s   is  at  l e a s t   5  g  p e r  
l i t r e   of  aqueous  medium.  Hence  i f ,   f o r  e x a m p l e ,   i t   is  d e s i r e d  

to  produce  10  g  per  l i t r e   of  PHB-con ta in ing   c e l l s   having  a  PEB 

conten t   of  40%  by  weight ,   the  amount  of  the  e s s e n t i a l   n u t r i e n t  

fed  to  the  fe rmenter   t ha t   is  used  to  l i m i t  t h e   amount  of  c e l l  

growth  must  be  tha t   r e q u i r e d   to  suppor t   the  growth  of  6  g  p e r  
l i t r e   of  c e l l s   c o n t a i n i n g   no  PHB:  thus ,   i f   n i t r o g e n   is  employed 

as  the  growth  l i m i t i n g   growth  l i m i t i n g   n u t r i e n t ,   since  the  n i t r o -  

gen  content   of  PEB  free  b a c t e r i a l   c e l l s   is  a b b u t  8  -   15%  by  w e i g h t ,  



the  amount  of  a s s i m i l a b l e   n i t r o g e n   r e q u i r e d   would  be  be tween  

about  0.5  and  0.9  g  per  l i t r e ,   e .g .   about  0.6  to  1.2  g  of  ammonium 

ions  per  l i t r e .  

T h e  f e r m e n t a t i o n   may  be  conducted  under  the  c o n d i t i o n s  

e .g.   pH,  t e m p e r a t u r e ,   and  degree  of  a e r a t i o n  ( u n l e s s   oxygen  i s  

u t i l i s e d   as  the  l i m i t i n g   n u t r i e n t )   c o n v e n t i o n a l l y   used  for  t h e  

m i c r o - o r g a n i s m .   Likewise  the  amounts  of  n u t r i e n t   s a l t s   ( o t h e r  

than  the  growth  l i m i t i n g   n u t r i e n t   whose  amount may  be  d e t e r m i n e d  

fo l lowing   the  c o n s i d e r a t i o n s   o u t l i n e d   h e r e i n b e f o r e )   employed  may 
be  those  normal ly   used  for  growth  of  the  m i c r o - o r g a n i s m .  

The  micro-organ ism  is  p r e f e r a b l y   grown  to  a  c e r t a i n  

de s i r ed   weight  by  c u l t i v a t i o n   in  the  presence  of  s u f f i c i e n t   o f  

the  n u t r i e n t   r e q u i r e d   for  growth  t h a t   is  to  be  r e s t r i c t e d   in  t h e  

polymer  accumula t ion   s tage  on  a  r e a d i l y   m e t a b o l i s a b l e   s u b s t r a t e ,  

such  as  a  c a r b o h y d r a t e ,   and  then  c u l t i v a t e d   under  c o n d i t i o n s   o f  

growth  r equ i r emen t   r e s t r i c t i o n   to  cause  the  polymer  a c c u m u l a t i o n .  

In  some  cases   the  s u b s t r a t e   for  at  l e a s t   pa r t ,   and  in  some  c a s e s  

a l l ,   of  the  growth  stage  may  be  the  acid  tha t   gives  r i s e   to  t h e  

copolymer  r epea t   un i t s   II  in  the  polymer  accumulat ion  s t a g e .  

The  f e rmen ta t i on   may  be  performed  as  a  batch  f e r m e n t -  

a t ion   in  which  case  polymer  accumula t ion   wi l l   occur  as  the  amount 

of  the  n u t r i e n t   tha t   is  r e q u i r e d   for  growth  but  not  po lymer  

accumula t ion   becomes  d e p l e t e d ,   i . e .   exhaus ted .   A l t e r n a t i v e l y   t h e  

f e r m e n t a t i o n   may  be  conducted  as  a  cont inuous   process   w h e r e i n  

aqueous  medium  c o n t a i n i n g   the  b a c t e r i a l   c e l l s   is  removed,  c o n -  

t i n u o u s l y   or  i n t e r m i t t e n t l y ,   from  the  f e rmen ta t i on   vesse l   at  a  
ra te   c o r r e s p o n d i n g   to  the  r a te   of  a d d i t i o n   of  f resh   aqueous  
medium  and  s u b s t r a t e   t h e r e t o .   I t   is  p r e f e r r e d   tha t   the  amount 

of  the  n u t r i e n t   tha t   is  r e s t r i c t e d   tha t   is  fed  to  the  f e r m e n t -  

a t ion  ve s se l   is  such  tha t   the  aqueous  medium  removed  from  t h e  

vesse l   con t a in s   l i t t l e   or  none  of  tha t   n u t r i e n t ,   and  the  aqueous  
medium  removed  from  the  ves se l   is  then  fed  to  a  second  f e r m e n t -  

a t ion  v e s s e l ,   opera ted   e i t h e r   in  batch  or,  p r e f e r a b l y ,   c o n t i n u o u s  

fashion   wherein  polymer  accumula t ion   is  caused  to  take  place  b y  

con t inu ing   the  aerobic   c u l t i v a t i o n   with  the  add i t i on   of  a  f r e s h  



q u a n t i t y   of  s u b s t r a t e   compr is ing   the  copolymer  producing  a c i d .  

While  a d d i t i o n a l   q u a n t i t i e s   of  s u b s t r a t e   and  n u t r i e n t   s a l t s   may 
be  added  in  t h i s   f u r t h e r   f e r m e n t a t i o n   s t ep ,   s ince  f u r t h e r   g r o w t h  

is  g e n e r a l l y   not  d e s i r e d ,   l i t t l e   or  no  f u r t h e r   quan t i ty   of  t h e  

n u t r i e n t   u t i l i s e d   to  l i m i t   growth  should  be  added.  I t   wi l l   how- 

ever  be  a p p r e c i a t e d   t h a t   the  aqueous  medium  fed  to  the  f u r t h e r  

fe rmenter   or  f e r m e n t e r s   from  the  f i r s t   f e rmente r   may  c o n t a i n  

some  r e s i d u a l   q u a n t i t y   of  the  l i m i t i n g   n u t r i e n t   and/or  t h e  

a d d i t i o n   of  a  f u r t h e r   small  q u a n t i t y   t h e r e o f   may  be  d e s i r a b l e  

for  e f f i c i e n t   o p e r a t i o n .  
In  e i t h e r   a  batch  p roces s ,   or  a  cont inuous  p rocess   a s  

desc r ibed   above,  the  acid  used  to  provide   the  copolymer  r e p e a t  

un i t s   II  is  used  as  p a r t ,   or  a l l ,   of  the  s u b s t r a t e   during  t h e  

polymer  accumula t ion   s tage  o c c u r r i n g   upon  exhaus t ion   of  t h e  

n u t r i e n t   r e q u i r e d   for  growth.  The  acid  may  be  used  in  a d m i x t u r e  

with  a  s u b s t r a t e ,   e .g .   a  c a r b o h y d r a t e ,   tha t   wi l l   give  r e p e a t  

u n i t s   I,  or  may  be  the  sole  s u b s t r a t e :   in  the  l a t t e r   case  s u f -  

f i c i e n t   of  the  acid  w i l l   normal ly   be  m e t a b o l i s e d   by  o ther   p a t h -  

ways  to  a ce ty l   CoA-to  provide  the  r epea t   u n i t s   I  and  any  a c e t y l  

CoA  r e q u i r e d   to  produce  the  r e p e a t   u n i t s   I I ,   i . e .   i f   a  pa thway  

invo lv ing   r e a c t i o n   2a,  is  employed.  However,  when  the  acid  i s  

the  sole  s u b s t r a t e ,   the  y i e ld   of  polymer  is  of ten  l o w .  

The  acid  g iv ing   r epea t   u n i t s   II   may  be  p re sen t   f o r  

only  par t   of  the  polymer  accumula t ion   s t age :   for  the  r e s t   o f  

the  polymer  accumula t ion   s t a g e ,   which  may  occur  before  a n d / o r  

a f t e r   the  pa r t   of  the  polymer  accumula t ion   stage  wherein  t h e  

acid  is  p r e s e n t ,   a  s u b s t r a t e   g iv ing   only  r epea t   un i t s   I  may  b e  

the  sole  s u b s t r a t e .  

In  some  cases   i t   may  be  p o s s i b l e   to  prevent   the  " n o r m a l "  

m e t a b o l i s a t i o n   of  the  acid,   i . e .   to  ace ty l   CoA,  by  b l o c k i n g  

enzymes  r e q u i r e d   for  tha t   pathway  and/or   by  using  m i c r o - o r g a n i s m s  

that   lack  the  a b i l i t y   to  s y n t h e s i s e   the  neces sa ry   enzymes.  How- 

ever  in  order  to  ob t a in   s u b s t a n t i a l   y i e l d s   of  polymer  a  per iod   o f  

c u l t i v a t i o n   under  c o n d i t i o n s   of  l i m i t a t i o n ,   and  p r e f e r a b l y   d e -  

p l e t i o n ,   of  a  n u t r i e n t   r e q u i r e d   for  growth  is  gene ra l l y   d e s i r a b l e .  



The  f e rmen ta t i on   is  p r e f e r a b l y   conducted  so  tha t   t h e  

amount  of  accumulated  p o l y e s t e r   comprises   about  50  to  80%  by 

weight  of  the  b a c t e r i a l   c e l l s .  

Acids  tha t   can  be  used  to  produce  copolymers  should  be  

those  tha t   do  not  give  r i se   only  to  r epea t   un i t s   I,  when  the  c u l -  

t i v a t i o n   is  in  the  growth  l i m i t e d   s t a t e .   Unsu i t ab le   acids  t h e r e -  

fore  inc lude   ace t i c   and  β - h y d r o x y b u t y r i c   ac ids ,   members  of  t h e  

TCA  cyc le ,   and  acids  giving  only  a c e t y l   CoA  and/or  a  member  o f  

the  TCA  cycle  when  the  c u l t i v a t i o n   is  in  the  growth  l i m i t e d  

s t a t e .   Thus  u n s u i t a b l e   acids  also  inc lude   p h o s p h o g l y c e r i c ,  

py ruv ic ,   c i t r i c ,   i s o c i t r i c ,   β - k e t o g l u t a r i c ,   s u c c i n i c ,   f u m a r i c ,  

male ic ,   mal ic ,   o x a l a c e t i c ,  o x a l o s u c c i n i c ,   a c o n i t i c ,   and  me thy l  

malonic ,   ac ids .   Amino  acids  are  l i k e w i s e   u n s u i t a b l e .   B u t y r i c  

ac id ,   which  undergoes  β - o x i d a t i o n   to  β - h y d r o x y b u t y r i c   acid,   i s  

l i k e w i s e   u n s u i t a b l e .   Formic  acid  does  not  give  copolymers  b e c a u s e  

the  enzyme  t h i o k i n a s e   does  not  add  coenzyme  A  to  f o r m a t e .  

S u i t a b l e   acids  inc lude  p r o p i o n i c ,   i s o b u t y r i c ,   ha lo-   o r  

hydroxy-  s u b s t i t u t e d   d e r i v a t i v e s   of  these  and  bu ty r i c   acid,   e . g .  

3 - c h l o r o p r o p i o n i c ,   3 - h y d r o x y p r o p i o n i c ,   @-hydroxybutyr ic   (but  n o t  

β - h y d r o x y b u t y r i c ) ,   p i v a l i c ,   h a l o a c e t i c ,   phenyl  a c e t i c ,   and  b e n z o i c  

ac ids ,   and  u n s a t u r a t e d   ac ids ,   or  halo  s u b s t i t u t e d   d e r i v a t i v e s  

t h e r e o f   such  as  a c r y l i c ,   m e t h a c r y l i c   ( i . e .   2-methyl  a c r y l i c ) ,  

3 , 3 - d i m e t h y l a c r y l i c ,   2 , 3 - d i m e t h y l   a c r y l i c ,   3 - c h l o r o p r o p e n o i c ,  

and  2 - c h l o r o p r o p e n o i c   a c i d s .  

The  s u b s t r a t e   should  be  water   so lub le   and  so  the  a c i d  

may  be  added  as  such  if  water  so lub l e   or  as  a  water  so lub le   s a l t ,  

e .g .   an  a l k a l i   metal ,   s a l t   t h e r e o f .  

As  mentioned  here  in  b e f o r e ,   in  some  cases  the  m i c r o -  

organism  may  perform  f u r t h e r   r e a c t i o n s   on  the  acid:  thus  i s o -  

b u t y r i c   acid  would  be  expected  to  give  r epea t   un i t s   II  in  which  
n  i s  1 ,  R 2   = R3 =  R4  = H,  and  R  is  i s o p r o p y l .   In  fac t   r e p e a t  

u n i t s   of  the  type  II  wherein  n  is  1,  R2  =  R3  =  R4  =  H,  and  R  i s  

e thyl   are  found  i n d i c a t i n g   tha t   the  micro-organism  here  s u b -  

s t i t u t e s   hydrogen  for  a  methyl  group  during  the  metabol ic   pathway 

to  the  copo lymer .  



P r e d i c t e d   va lues   for  n,  R1,  R2,  R3  and  R4  in  r e p e a t  

u n i t s   II  for  va r ious   ac ids   is  as  f o l l o w s :  



M i c r o - o r g a n i s m s   t h a t   may  be  u s e d   i n c l u d e   any  p o l y  

( β - h y d r o x y b u t y r i c   a c i d )   a c c u m u l a t i n g   m i c r o - o r g a n i s m s   t h a t   a r e  

c a p a b l e   of   a s s i m i l a t i n g   t h e   a c i d   ( o r   s a l t   t h e r e o f )   f rom  w h i c h  

i t   i s   d e s i r e d   to   p r o d u c e   t h e   c o p o l y m e r s .   The  b a c t e r i a   A l c a l i g e n e s  

e u t r o p h u s   ( p r e v i o u s l y   k n o w n   as  H y d r o g e n o m o n a s   e u t r o n h a )   s p e c i e s ,  

e . g .   s t r a i n   H  16  w i d e l y   e m p l o y e d   i n   a c a d e m i c   s t u d i e s   of   t h i s  

s p e c i e s ,   s e e   e . g .   J  G e n e r a l   M i c r o b i o l o g y   ( 1 9 7 9 )   115  p a g e s   1 8 5  -  

1 9 2 ,   and   w h i c h   i s   a v a i l a b l e   as  ATCC  s t r a i n - 1 7 6 9 9 ,   and  m u t a n t s  

of   s t r a i n   H  16  s u c h   as   m u t a n t s   1 1 / 7 B ,   S 3 0 1 / C 5 ,   S 5 0 1 / C 2 9   a n d  

S 5 0 1 / C 4 1 ,   w h i c h   h a v e   b e e n   d e p o s i t e d ,   on  18  A u g u s t   1 9 8 0   w i t h   t h e  

N a t i o n a l   C o l l e c t i o n   o f   I n d u s t r i a l   B a c t e r i a ,   T o r r y   R e s e a r c h   S t a t i o n ,  

A b e r d e e n ,   S c o t l a n d ,   u n d e r   NCIB  N o s .   1 1 6 0 0 ,   1 1 5 9 9 ,   1 1 5 9 7   and  1 1 5 9 8  

r e s p e c t i v e l y ,   a r e   p a r t i c u l a r l y   s u i t a b l e .   The  ATCC  n u m b e r   r e f e r s  

to   t h e   n u m b e r   d e s i g n a t e d   by  t h e   A m e r i c a n   Type   C u l t u r e   C o l l e c t i o n ,  

1 2 3 0 1   P a r k   Lawn  D r i v e ,   R o c k v i l l e ,   M a r y l a n d   2 0 8 5 2 ,   U . S . A .   A s  

m e n t i o n e d   h e r e i n b e f o r e   a  c a r b o h y d r a t e   i s   p r e f e r a b l y   u s e d   as  t h e  

s u b s t r a t e   d u r i n g   t h e   g r o w t h   s t a g e .   W h i l e   A l c a l i g e n e s   e u t r o p h u s  

s t r a i n   H  16  (ATCC  1 7 6 9 9 )   w i l l   n o t   u t i l i s e   g l u c o s e ,   c e r t a i n   m u t -  

a n t s   t h e r e o f ,   e . g .   t h e   a f o r e s a i d   m u t a n t s   1 1 / 7 B ,   S 3 0 1 / C 5 ,   S 5 0 1 / C 2 9  

and  S 5 0 1 / C 4 1   c a n   u t i l i s e   g l u c o s e .   C a r b o h y d r a t e s ,   p a r t i c u l a r l y  

g l u c o s e ,   a r e   t h e   p r e f e r r e d   s u b s t r a t e s   f o r   t h e   g r o w t h   s t a g e   i n  

v i e w   of   t h e   c o s t - a n d   t h e   f a c t   t h a t  t h e   m i c r o - o r g a n i s m s   c an   g r o w  

e f f i c i e n t l y   t h e r e o n .  

The  p o l y e s t e r   i s   p r o d u c e d   as  g r a n u l e s   i n s i d e   t h e   m i c r o -  

o r g a n i s m   c e l l s .   W h i l e   t h e   c e l l s   c o n t a i n i n g   t h e   p o l y e s t e r   m a y  

t h e m s e l v e s   be  u s e d   as  a  m o u l d i n g   m a t e r i a l ,   f o r   e x a m p l e   as  d e s -  

c r i b e d   i n   USP  3 , 1 0 7 , 1 7 2 ,   i t   i s   g e n e r a l l y   d e s i r a b l e   to  s e p a r a t e  

t h e   p o l y e s t e r   f r o m   t h e   b a c t e r i a l   c e l l s .   T h i s   may  be  a c c o m p l i s h e d  

by  s u b j e c t i n g   t h e   c e l l s   to   a  c e l l   b r e a k a g e   s t e p   f o l l o w e d   by  e x -  

t r a c t i o n   of   t h e   p o l y e s t e r   w i t h   a  s u i t a b l e   s o l v e n t .   E x a m p l e s   o f  

s u i t a b l e   e x t r a c t i o n   p r o c e s s e s   a r e   d e s c r i b e d   i n   our   E u r o p e a n  

P a t e n t   A p p l i c a t i o n   1 5 1 2 3 .  

As  m e n t i o n e d   h e r e i n b e f o r e   t h e   c o p o l y m e r s   s h o u l d   h a v e   a  

w e i g h t   a v e r a g e   m o l e c u l a r   w e i g h t   (Mw)  a b o v e   1 0 , 0 0 0   a s . m e a s u r e d  b y  

g e l   p e r m e a t i o n   c h r o m a t o g r a p h y ,   i f   t h e y   a r e   to   be  o f  a n y   p r a c t i c a l  



u s e .   P r e f e r a b l y   Mw  is   above  5 0 , 0 0 0 ,   more  p r e f e r a b l y   above  1 0 0 , 0 0 0  

and  in  p a r t i c u l a r   above  2 0 0 , 0 0 0 .  

The  c o p o l y m e r s   i n v a r i a b l y   have  the   D - c o n f i g u r a t i o n   a n d  

e x h i b i t   m e l t i n g   p o i n t s   be low  t h a t   of  the   β - h y d r o x y b u t y r i c   a c i d  

h o m o p o l y m e r .  

The  c o p o l y m e r s   a re   of  p a r t i c u l a r   u t i l i t y   in  t h e   p r e p a r -  

a t i o n   of  m e l t - f i b r i c a t e d   a r t i c l e s ,   where  t h e i r   r e d u c e d   c r y s t a l -  

l i n i t y   compared   to  β - h y d r o x y b u t y r i c   a c i d   h o m o p o l y m e r   i s   o f t e n  

a d v a n t a g e o u s .  

Of  p a r t i c u l a r   i n t e r e s t   is   the   use  of  s m a l l   amoun t s   o f  

the   c o p o l y m e r s   as  h i g h   m o l e c u l a r   w e i g h t   p r o c e s s i n g   a i d s   f o r   v i n y l  

c h l o r i d e   p o l y m e r s .   For   t h i s   a p p l i c a t i o n   the   amount  of  c o p o l y m e r  

i s   p r e f e r a b l y   0 . 5   to   10%  by  w e i g h t   of  the   v i n y l   c h l o r i d e   p o l y m e r .  

For   the  b e s t   r e s u l t s  i n   t h i s   a p p l i c a t i o n ,   we  have  found   t h a t   t h e  

c o p o l y m e r   s h o u l d   be  r andom:   to  o b t a i n   random  c o p o l y m e r s ,   t h e  

a c i d   u sed   to  p r o d u c e   the   comonomer  u n i t s   I I   i s   p r e f e r a b l y   t h e  

s o l e   s u b s t r a t e - p r e s e n t ,   at   l e a s t   t h r o u g h o u t   the   p e r i o d   of  c u l t i v -  

a t i o n   of  the   m i c r o - o r g a n i s m   unde r   the  c o n d i t i o n s   of  g r o w t h   r e q u i r e -  

ment  l i m i t a t i o n .  

C o p o l y m e r s   a re   a l s o   of  p a r t i c u l a r   u t i l i t y   in  t he   p r o d u c -  

t i o n   of  f i l m   by  m e l t   e x t r u s i o n ,   p r e f e r a b l y   f o l l o w e d   by  r o l l i n g ,  

e . g .   p a s s a g e   t h r o u g h   one  or  more  p a i r s   of  r o l l s ,   to  r e d u c e   t h e  

f i l m   t h i c k n e s s   and  i n d u c e   some  o r i e n t a t i o n ,   a t   a  t e m p e r a t u r e   b e -  

tween   the   g l a s s   t r a n s i t i o n   t e m p e r a t u r e   (Tg)  and  the   m e l t i n g   p o i n t  

of  the   p o l y m e r .  

The  i n v e n t i o n   i s   i l l u s t r a t e d   by  the  f o l l o w i n g   e x a m p l e s .  

EXAMPLE  1  

.  I n   the   n o r m a l   m e t a b o l i s m   of  p r o p i o n a t e ,   t he   l a t t e r   i s  

c o n v e r t e d ,   as  d e s c r i b e d   h e r e i n b e f o r e ,   to  s u c c i n a t e   w h i c h   can  g i v e  

r i s e   to  a c e t y l   CoA  by  o x i d a t i o n   in  the   TCA  c y c l e   to  o x a l o a c e t i c  

a c i d   f o l l o w e d   by  d e c a r b o x y l a t i o n .   In  the  d e c a r b o x y l a t i o n   o f  

o x a l o a c e t i c   a c i d   b o t h   t e r m i n a l   ac id   g r o u p s   a re   r emoved   as  c a r b o n  

d i o x i d e .   Hence  i f   p r o p i o n a t e   h a v i n g   the  c a r b o n   atom  of  t h e  

c a r b o x y l   g roup   r a d i o   l a b e l l e d ,   i . e . 1 _ -   14 C-  p r o p i o n a t e ,   is   s u p -  

p l i e d   to  the  c e l l s   c o n v e r s i o n   to  a c e t y l   CoA  w i l l   r e s u l t   in  l o s s  



of  the  r a d i o a c t i v i t y   as  14 CO2  Any  i n c o r p o r a t i o n   of  14C  i n t o  

the  polymer  must  r e s u l t   from  convers ion   of  p rop iony l   CoA  i n t o  

β - h y d r o x y v a l e r y l   CoA  and  subsequent   p o l y m e r i s a t i o n .  

A l c a l i g e n e s   eutrophus  mutant  NCIB  11599  was  grown  by 

aerobic   c u l t i v a t i o n   in  a  batch  f e rmente r   employing  an  aqueous  
medium  A  which  con ta ined   s u f f i c i e n t ,  a s s i m i l a b l e   n i t r o g e n   to  s u p -  

por t   a  biomass  free  of  accumulated  p o l y e s t e r   of  3.5  g  1 - 1  a n d  

glucose  as  the  s u b s t r a t e .   Medium  A  had  the  compos i t i on ,   p e r  

l i t r e   of  d e i o n i s e d   w a t e r :  

The  t r a c e   element  s o l u t i o n   had  the  f o l l owing   compos i t i on ,   p e r  
l i t r e   o f  d e - i o n i s e d   w a t e r  

When  the  biomass  c o n c e n t r a t i o n   reached  4.5  g  1-1,   i . e .   a f t e r   t h e  

system  became  s t a rved   of  a s s i m i l a b l e   n i t r o g e n ,   1  g  1-1  of  sodium 

p r o p i o n a t e   containing 1- 14 C-  p rop iona t e   was  added  to  the  f e r m e n t e r  

in  a d d i t i o n   to  glucose  and  f e r m e n t a t i o n   con t inued   for  5  m i n u t e s .  

The  c e l l s   were  then  h a r v e s t e d   by  f i l t r a t i o n   and  the  polymer  e x -  

t r a c t e d   with  ch loroform.   The  l a b e l l e d   carbon  was  found  a l m o s t  

e x c l u s i v e l y   in  the  chloroform  s o l u t i o n   i n d i c a t i n g   t ha t   the  l a b e l -  

led  t e r m i n a l   carbon  atom  had  not  been  l o s t   as  carbon  d i o x i d e .  

Hence  at  l e a s t   some  p rop iona te   had  been  i n c o r p o r a t e d   into  t h e  

polymer  o ther   than  as  ace ty l   CoA. 

EXAMPLE  2.  ( c o m p a r a t i v e )  

A l c a l i g e n e s   eutrophus  mutant  NCIB  11599  was  grown  by  

aerobic   c u l t i v a t i o n   at  pH  6.8  and  34°C  in  a  5  l i t r e   batch  f e r -  

menter  c o n t a i n i n g   4000  ml  of  an  aqueous  medium  B  having  t h e  



c o m p o s i t i o n ,   per  l i t r e   of  de ion i sed   w a t e r :  

Glucose  was  fed  to  the  f e rmente r   at  a  r a t e   of  8 g  h r - 1 .  

The  amount  of  a s s i m i l a b l e   n i t r o g e n   in  medium  B  was  s u f f i c i e n t   t o  

suppor t   26  g  of  PHB-free  c e l l s .  

After   40  hours  the  c e l l s   were  h a r v e s t e d   by  c e n t r i f u g a t i o n ;  

they  were  then  f reeze  dr ied   and  the  polymer  e x t r a c t e d   with  c h l o r o f o r m .  

EXAMPLE  3 

Example  2  was  r epea t ed   except  t h a t   when  the  c e l l   w e i g h t  

reached   34  g,  p rop ion ic   acid  was  fed  to  the  f e r m e n t e r   i n s t e a d   o f  

g lucose   at  a  ra te   of  2.8  g  h r - 1 .  

EXAMPLE  4 

Exanple  3   was  r epea t ed   except   tha t   feed  of  p r o p i o n i c  

acid  was  commenced  when  the  ce l l   weight  reached   39  g .  
EXAMPLE  5 

Example  3  was  r epea t ed   except   t h a t   the  feed  of  p r o p i o n i c  

acid   was  commenced  when the  c e l l   weight  reached  56  g .  
EXAMPLE  6 

Example  3  was  r epea t ed   except   when  the  c e l l   weight  r e a c h e d  

48  g  a  s i ng l e   a d d i t i o n   of  12  g  of  p rop ion ic   acid  was  made.  

EXAMPLE 7 

Example  2  was  r e p e a t e d   except  tha t   medium  A  was  used  and 

p r o p i o n i c   acid  was  fed  at  a  ra te   of  4  g  hr-1  i n s t e a d   of  g l u c o s e  

t h roughou t   the  f e r m e n t a t i o n .  

EXAMPLE  8 

Example  2  was  r epea ted   except  tha t   when  the  ce l l   w e i g h t  

reached   38  g,  a  mixture  of  glucose  and  p r o p i o n i c   acid  was  fed  t o  

the  f e rmen te r ,   i n s t ead   of  g lucose ,   at  a  r a t e   of  5.2  g  hr -1  g l u c -  

ose  and  2.8  g  hr-1  p rop ion ic   a c i d .  



EXAMPLE  9 

Example  8  was  r e p e a t e d   except   tha t   the  mixture  of  g l u -  

cose  and  p rop ion ic   acid  was  fed  at  a  r a t e   of  6.8  g  hr-1  g l u c o s e  

and  1.2  g  hr-1  p rop ion ic   ac id ,   commencing  when  the  ce l l   w e i g h t  

reached  28  g .  
In  Examples  2  to  9  the  p r o p i o n i c   acid  was  added  as  a  

s o l u t i o n   c o n t a i n i n g   400  g  1 - 1 .  

EXAMPLE  10  

Example  2  was  r epea t ed   except  tha t   when  the  ce l l   w e i g h t  

reached  28  g,  i s o b u t y r i c   acid  was  fed  to  the  f e r m e n t a t i o n  

vesse l   at  a  ra te   of  2  g  hr-1  in  place  of  g lucose .   The  i s o b u t y r i c  

acid  was  added  as  a  s o l u t i o n   c o n t a i n i n g   150  g  1 - 1 .  

In  Examples  3  -   6  and  8  -   10  t h e  f e r m e n t a t i o n s   were .  con-  

t inued  u n t i l   the  r a t i o   of  the  weight  of  acid  fed  to  the  f e r m e n t e r  

to  the  sum  of  the  weight  of  glucose  fed  to  the  fermenter   a f t e r  

the  ce l l   weight  had  reached  26  g,  i . e .   when  the  system  became 

n i t r o g e n   d e p l e t e d ,   and  the  weight  of  acid  fed  to  the  f e r m e n t e r ,  

reached  the  values   set   out  in  Table  1 .  

EXAMPLE  11  

Example  2  was  r epea t ed   except   tha t   when  the  ce l l   w e i g h t  

reached  26.4  g,  3 - c h l o r o p r o p i o n i c   acid  was  fed  to  the  f e r m e n t e r  

i n s t e a d   of  glucose  at  a  r a t e   of  4  g  hr -1  for  5  h o u r s .  

EXAMPLE  12  

Example  11  was  r epea t ed   except   tha t   feed  of  3 - c h l o r o -  

p rop ion ic   acid  was  commenced  when  the  c e l l   weight  reached  34.4  g .  
EXAMPLE  13  

Example  12  was  r epea t ed   except  tha t   a  s ing le   a d d i t i o n  

of  4  g  of  3 - c h l o r o p r o p i o n i c   was  made  when  the  ce l l   weight  r e a c h e d  

30  g  and  then  glucose  was  fed  at  a  r a t e   of  6.8  g  hr -1  for  7  h o u r s .  

In  Examples  11 -   13  the  3 - c h l o r o p r o p i o n i c   acid  was 

added  as  a  s o l u t i o n   c o n t a i n i n g   50  g  1 - 1 .  

EXAMPLE  14  

Example  2  was  r epea t ed   except   tha t   when  t h e  

c e l l   weight  reached  31  g,  a c r y l i c   acid  was  fed  to  the  f e r m e n t e r  

at  a  ra te   of  4  g  hr -1  for  5  hours  i n s t e a d   of  g lucose .   The  a c r y l i c  



acid  was  fed  as  a  s o l u t i o n   c o n t a i n i n g   100  g  1 - 1 .  

The  amount  of  comonomer  un i t s   in  the  polymers  of  Examples  

2  to  14  was  de te rmined   (a)  by  h y d r o l y s i s   and  gas  c h r o m a t o g r a p h y  

and  (b)  by  13C  n u c l e a r   magnet ic   resonance  s p e c t r o s c o p y .  



The  m o l e c u l a r   w e i g h t s   of  the  p o l y m e r s   were  d e t e r m i n e d  

by  ge l   p e r m e a t i o n   c h r o m a t o g r a p h y .  

C h l o r i n e   a n a l y s e s   were  a l so   p e r f o r m e d   on  the   p o l y m e r s  

of  E x a m p l e s   2,  11 ,   12  and  1 3 .  

The  r e s u l t s   are   shown  in  Tab le   2 .  

I t   is   s een   t h a t   l i t t l e   of  the  c h l o r i n e   f r o m  3 - c h l o r o -  

p r o p i o n i c   a c i d   i s   to  be  found   in  the  p o l y m e r .   I t   would   t h e r e f o r e  

a p p e a r   t h a t   d u r i n g   the  m e t a b o l i s m   of  3 - c h l o r o p r o p i o n i c   . a c i d ,   HCl 

i s   l o s t   and  the   r e s u l t i n g   c a r b o n - c a r b o n   d o u b l e   bond  is   h y d r o g e n -  

a t e d   and  h y d r a t e d   to  g ive   e t h y l   and  2 - h y d r o x y   e t h y l   s u b s t i t u e n t s  

as  R1  i n s t e a d   of  the   e x p e c t e d   2 - c h l o r o e t h y l   g r o u p s .   However   t h e  

c h l o r i n e   c o n t e n t   of  the   p o l y m e r s   of  E x a m p l e s   1 1  -  1 3   may  i n d i c a t e  

t h a t   some  of  the  c h l o r i n e   is   p r e s e n t   as  2 - c h l o r o e t h y l   g r o u p s .  





High  r e s o l u t i o n   13C  NMR  was  used  to  i n v e s t i g a t e   t h e  

monomer  sequences  of  the  copolymers  of  Examples  3  -  1 0 .   The 

s i g n a l   de r ived   from  the  carbon  atom  of  the  carbonyl   group  was 

found  to  occur  at  d i f f e r e n t   chemical   s h i f t s   depending  upon  i t s  

env i ronment .   Thus  with  polymers   c o n t a i n i n g   the  u n i t s   I  and  I I  

(where  n  =  1,  R1  =  C2H5,  R2  =  R3  =  H)  the  p o s s i b l e   sequences  a r e  

A.  b u t y r a t e  -   b u t y r a t e ,   i . e .  

B.  p e n t a n o a t e  -   p e n t a n o a t e ,   i . e .  

C.  b u t y r a t e  -  p e r i t a n o a t e ,   i . e .  

NMR  examinat ion   of  the  polymers  of  Examples  2  -  1 0   r e -  

vea l ed   th ree   resonances   o c c u r r i n g   at  169.07,  169.25  and  169.44  ppm 

r e s p e c t i v e l y .   Fol lowing  the  work  of  M.  I ida   et  al  (Macromoles  1 1 ,  

1978,  p  490)  the  resonance   at  169.07  ppm  can  be  a s s igned   to  t h e  

b u t y r a t e - b u t y r a t e   sequence  A,  and  tha t   at  169.44  ppm  to  the  p e n t a -  

n o a t e - p e n t a n o a t e   sequence  B.  By  i n f e r e n c e   the  s i g n a l  a t   169 .25  

must  a r i s e   from  the  b u t y r a t e - p e n t a n o a t e   sequence  C. 

Q u a n t i t a t i v e   a n a l y s i s   of  the  NMR  r e s u l t s   of  the  c o -  

polymer  of  example  10  gave  the  f o l l o w i n g   r e s u l t s :  

These  r e s u l t s   c l e a r l y   i n d i c a t e   tha t   the  polymer  o f  

Example  10  conta ins   a  s u b s t a n t i a l   amount  of  a  copolymer  of  u n i t s  

I  and  II  (where  n =  1,  R1  
= C2H5,  R2  = R3  =  R4  =  H).  However  i t   i s  

p o s s i b l e   tha t   some  homopolymer  of  repea t   un i t   I  is  also  p r e s e n t .  

All  the  polymers  of  Examples  2  -  1 4   had  the  D(-)  c o n -  

f i g u r a t i o n .  

The  mel t ing   b e h a v i o u r s   o f  t h e   copolymers  as  e x t r a c t e d  

was  f i r s t   determined  by  d i f f e r e n t i a l   scanning  c a l o r i m e t r y   (DSC) 



u s i n g   the  Dupont  1090  system  with  compute r i sed   data  a n a l y s i s .  

DSC  was  also  performed  on  the  samples  a f t e r   compress ion   mould-  

ing   at  190°C  and  slow  coo l ing   in  the  press   in  o rder   to  o b t a i n  

a  f u l l y   c r y s t a l l i s e d   p r o d u c t .   In  each  case  the  specimens  were  

h e a t e d   at  20°C/min  in  a i r   and  the  t e m p e r a t u r e s   at  the  s t a r t   (Ts )  

and  peak  (Tp)  of  the  m e l t i n g   endotherm,  t o g e t h e r   with  i t s   a r e a ,  

were  no ted .   Hea t ing   of  the  annealed   sample  was  con t inued   t o  
200°C  and,  a f t e r   i s o t h e r m i n g   for   one  minute  to  ensure  c o m p l e t e  

m e l t i n g ,   i t   was  quenched  in  l i q u i d   n i t r o g e n .   The  DSC  was  t h e n  

r e - r u n   in  order   to  de te rmine   the  glass   t r a n s i t i o n   t e m p e r a t u r e  

(Tg)  of  the  amorphous  phase.   F i n a l l y   the  d e n s i t i e s   of  t h e  

a n n e a l e d   copolymers  were  measured  by  f l o t a t i o n   in  a  d e n s i t y  

g r a d i e n t .  

The  r e s u l t s   are  shown  in  Table  3.  



The  wide  me l t i ng   ranges  of  the  copolymers  i n d i c a t e d  

tha t   the  copolymers  were  of  r a t h e r   he te rogeneous   c o m p o s i t i o n .  

However  s i g o i f i c a n t   r a n d o m i s a t i o n   by  e s t e r   i n t e r c h a n g e   o c c u r r e d  

on  a n n e a l i n g   s ince   the  me l t i ng   endotherms  became  much  sha rpe r   and  

s l i g h t l y   reduced  in  a rea .   This  is  i n d i c a t i v e   tha t   the  p o l y m e r s  

are  not  p h y s i c a l   blends  of  homopolymers  but  are  genuine  c o p o l y m e r s .  

M u l t i p l e   DSC  peaks  were  observed  for  the  "as  e x t r a c t e d "  

polymers  of  Examples  3,  5,  8  and  10 .  

The  area   of  the  mel t ing   endotherms  gives  an  i n d i c a t i o n  



of  the  degree  of  c r y s t a l l i n i t y .   All  the  polymers  of  Examples  3  

to  14  a f t e r   annea l ing   were  s i g n i f i c a n t l y   l e s s   c r y s t a l l i n e   t h a n  

the  c o n t r o l   homopolymer  of  Example  2 .  

EXAMPLE  15 

A l c a l i g e n e s   eu t rophus   mutant  NCIB  11599  was  grown  by  

ae rob ic   c u l t i b a t i o n   at  pH  6.8  and  34°C  in  a  5  l i t r e   ba tch   f e r -  

menter  c o n t a i n i n g   4000  ml  of  an  aqueous  medium  C  which  was  t h e  

same  as  medium  B  except  t ha t   the  amount  of  ammonium  su lpha t e   was 

5.2  g  1-1  which  is  s u f f i c i e n t   to  suppor t   8.5  g  1-1  of  PBB-free  c e l l s .  

The  s u b s t r a t e   was  glucose  s u p p l i e d   at  a  r a t e   of  5 . 5 1   h r - 1 .  

When  the  c e l l   c o n c e n t r a t i o n   r e a c h e d  7   g  1-1 ,  p rop ion i c   acid  was 

fed  at  a  r a t e   of  1.58  g  1-1  hr -1  in  a d d i t i o n   to  the  g lucose .   The  c e l l s  

were  h a r v e s t e d   when  the  c e l l   dry  weight  reached  15  g  1-1 .   The 

c e l l   su spens ion   was  spray  d r i e d ,   l i p i d s   e x t r a c t e d   by  r e f l u x i n g  

the  d r i ed   c e l l s   with  methanol ,   and  the  polymer  then  e x t r a c t e d   b y  

r e f l u x i n g   with  ch loroform.   The  polymer  was  r ecove red   by  p r e c i p i t -  

a t i on   by  adding  the  chloroform  s o l u t i o n   to  a  m e t h a n o l / w a t e r   m i x t u r e .  

The  copolymer  con t a ined   20  mole %  of  r e p e a t   u n i t s   I I  

where  R   was  e thy l ,   R2,  R3,  R   were  each  hydrogen,   and  n  =  1 .  

The  copolymer  had  a  molecu la r   weight  of  350,000,   and  was  i n s o l u b l e  

i n  c o l d   methyl  e thyl   ke tone .   When  2  g  of  the  copolymer  was  r e -  

f luxed  with  100  ml  of  methyl  e thy l   ketone  for  1  hour  i t   a l l   d i s -  

so lved :   on  cool ing   the  s o l u t i o n   a  g e l a t i n o u s   mass  was  formed.  I n  

c o n t r a s t   l e s s   than  0.1  g  of  a  β - h y d r o x y b u t y r i c   acid  homopolymer 

d i s s o l v e d   when  2  g  of  the  homopolymer  was  r e f l u x e d   with  100  m1  o f  

methyl  e thy l   ke tone .   When  these   s o l u b i l i t y   t e s t s   were  r e p e a t e d  

with  e thano l   in  place  of  methyl  e thy l   ke tone ,   about  0.7  g  of  t h e  

copolymer,   and  l e s s   t h a n  0 . 0 4   g  of  the  homopolymer,  had  d i s s o l v e d  

a f t e r   r e f l u x i n g   for  1  h o u r .  

The  s o l u b i l i t y   of  the  copolymer  in  e thanol   was  a l s o  

a s s e s s e d   at  a  lower  c o n c e n t r a t i o n :   thus  0.5  g  of  the  copo lymer  

was  r e f l u x e d   with  1  l i t r e   of  e thano l   for  1  hour.  Less  than  0.2  g 
of  the  copolymer  d i s s o l v e d .  

In  c o n t r a s t   i t   is  noted  tha t   the  polymers  d e s c r i b e d   by  

Wallen  et  al  in  "Envi ronmenta l   Sc i en i c   and  Technology"  8   (1974)  



pages  576 -   579  were  sa id   to  be  so lub le   in  hot  e t h a n o l .  

EXAMPLE  16 

Aqueous  media  D,  E,  and  F  were  made  up  to   the  f o l l o w i n g  

compos i t ions ,   per  l i t r e   of  de ion i sed   w a t e r :  

A  s t e r i l i s e d   batch  fe rmenter   of  nominal  c apac i t y   250  l i t r e s  

was  f i l l e d   to  the  130  l i t r e   mark  with  a  mixture  of  a p p r o x i m a t e l y  

equal  volumes  of  media  D  and  E.  A  small  sample  of  the  medium  i n  

the  fe rmenter   was  then  ana lysed   for  n i t r ogen   con t en t .   The  f e r m e n t e r  

was  then  i n n o c u l a t e d   with  A l c a l i g e n e s   eutrophus  mutant  NCIB  11599 

and  f e r m e n t a t i o n   conducted  a e r o b i c a l l y   at  34 C  with  automatic   pH 

cont ro l   at  6.8  by  a d d i t i o n   of  a sodium  hydroxide  s o l u t i o n .  

The  amount  of  a s s i m i l a b l e   n i t r o g e n   p r e sen t   in  the  f e r -  

menter  was  s u f f i c i e n t   to  suppor t   the  growth  of  the  m i c r o - o r g a n i s m  

to  only  about  1.2 "kg  of  po lymer - f r ee   c e l l s .   When  the  ce l l   w e i g h t  

reached  about  1.05  kg  feed  of  medium  E  was  commenced  at  a  ra te   o f  

6.5  l i t r e s / h o u r .  

When  the  weight  of  c e l l s   reached  approx imate ly   1700  g 

feed  of  medium  E  was.  stopped  and  feed  of  medium  F  commenced  at  a  

rate   of  6.5  l i t r e s / h o u r ,   and  f e rmen ta t i on   cont inued  u n t i l   a b o u t  



2.6  kg  of  c e l l s   had  been  p r o d u c e d .  

The  ce l l   s u s p e n s i o n   was  then  c o n c e n t r a t e d   by  c e n t r i -  

fuga t ion   to  a  c o n c e n t r a t i o n   of  about  60  g / l i t r e   and  the  po lymer  

e x t r a c t e d   the re f rom  by  c o n t a c t i n g   1  volume  of  the  suspens ion   w i t h  

2  volumes  of  1 , 2 - d i c h l o r o e t h a n e   (DCE)  in  a  S i l v e r s o n   mixer  at  20°C 

for  15  minu tes .   The  DCE  phase  was  s e p a r a t e d   from  the  aqueous  

phase,   which  c o n t a i n e d   the  c e l l   d e b r i s ,   and  f i l t e r e d .   The  po lymer  

was  p r e c i p i t a t e d   by  adding  1  volume  of  the  f i l t e r e d   DCE  phase  t o  

4  volumes  of  a  m e t h a n o l / w a t e r   mixture   (4  volumes  of  methanol  to  1  

volume  of  w a t e r ) .   The  p r e c i p i t a t e d   polymer  was  c o l l e c t e d   by  

f i l t r a t i o n ,   washed  wi th   methanol ,   and  dr ied   in  an  oven  for  4  h o u r s  

at  100°C.  

The  polymer  had  a  me l t i ng   range,   as  de termined  by  d i f -  

f e r e n t i a l   scanning   c a l o r i m e t r y ,   of  about  100°C  to  180°C  with  a  

peak  in  the  me l t i ng   endotherm  at  168°C.  

EXAMPLE  17  

The  f e r m e n t a t i o n   p rocedure   of  Example  16  was  r e p e a t e d  

except  tha t   the  changeover   from  feeding   medium  E  to  f e e d i n g  

medium  F  took   place  when  the  weight  of  c e l l s   was  a p p r o x i m a t e l y  

3.5  kg.  The  medium  F  was  fed  at  a  r a t e   of  11.4  l i t r e s / h o u r   f o r  

4  hours  and  then  reduced   to  3.2  l i t r e s / h o u r   and  m a i n t a i n e d   a t  

th i s   l e v e l   for  a  f u r t h e r   9  hours  at  which  stage  the  weight   o f  

c e l l s   was  about  3.9  k g .  

In  t h i s   example  the  amount  of  a s s i m i l a b l e   n i t r o g e n  

p resen t   in  the  f e rmen te r   was  s u f f i c i e n t   to  suppor t   the  growth  o f  

the  mic ro-organ ism  to  only  about  1.5  kg  of  po lymer - f r ee   c e l l s .  

The  ce l l   s u s p e n s i o n   was  c o n c e n t r a t e d   by  c e n t r i f u g a t i o n  

and  then  the  polymer  was  e x t r a c t e d   from  the  c o n c e n t r a t e d   ce l l   s u s -  

pension  by  the  p rocedure   d e s c r i b e d   in  Example  1 5 .  
EXAMPLE  18 

A  250  l i t r e   f e rmen te r   was  charged  and  i n n o c u l a t e d   a s  
in  Example  16.  The  amount  of  a s s i m i l a b l e   n i t r o g e n   was  s u f f i c i e n t  

to  support   growth  of  the  mic ro -o rgan i sms   only  to  about  1.9  kg  o f  

po lymer - f ree   c e l l s .   As  in  Example  16  f e r m e n t a t i o n   was  c o n d u c t e d  

a e r o b i c a l l y   at  34°C  at  a  pH  of  6 . 8 .  



When  the  ce l l   weight  reached  about  1.0  kg  feeds  o f  

medium  E  and  of  a  medium  G  at  r a t e s   of  8.7  l i t r e s / h o u r   and 

4.6  l i t r e s / h o u r   r e s p e c t i v e l y   were  commenced  and  cont inued  u n t i l  

the  c e l l   weight  reached  about  3.9  k g .  

Medium  G had  the  compos i t i on ,   per  l i t r e   of  d e i o n i s e d  

w a t e r :  

H3PO4 (1.1  M)  1 . 2 m l  

p rop ion ic   acid  20  g  
The  ce l l   suspens ion   was  c o n c e n t r a t e d   by  c e n t r i f u g a t i o n  

and  then  the  polymer  e x t r a c t e d   from  the  concen t r a t ed   ce l l   s u s p e n -  
sion  by  the  procedure  d e s c r i b e d   in  Example  1 5 .  

EXAMPLE  19  

The  procedure  of  Exanple  17  was  r epea ted   on  a  l a r g e r  

sca le   us ing   a  fermenter   of  nominal  c a p a c i t y   1000  l i t r e s   which  

was  f i l l e d   to  the  500  l i t r e   mark  with  approx imate ly   equal  volumes 

of  media  D  and  E.  In  t h i s   example  the  feed  of  medium  E  was  com- 

menced,  at  a  ra te   of  25  l i t r e s / h o u r ,  w h e n   the  weight  of  c e l l s   was 

about  4  kg  and  the  feed  of  medium  F  was  commenced,  at  a  ra te   o f  

37.5  l i t r e s / h o u r ,   when  the  weight  of  the  c e l l s   was  about  8  k g .  

The  feeds  of  media  E  and  F  were  con t inued   u n t i l   the  weight  o f  

c e l l s   was  about  10  kg.  The  amount  of  a s s i m i l a b l e   n i t rogen   p r e -  
sent  was  s u f f i c i e n t   to  suppor t   the  growth  of  the  m i c r o - o r g a n i s m  

to  only  about  4.1  kg  of  p o l y m e r - f r e e   c e l l s .  

EXAMPLE  20 

Example  19  was  r e p e a t e d   except   tha t   the  feed  r a te   o f  

medium  F  was  25  l i t r e s / h o u r   and  the  f e r m e n t a t i o n   was  c o n t i n u e d  

u n t i l   the  weight  of  the  c e l l s   was  about  11  kg.  In  th i s   case  t h e  

amount  of  a s s i m i l a b l e   n i t r o g e n   p r e s e n t   was  s u f f i c i e n t   to  s u p p o r t  

the  growth  of  the  micro-organism  to  only  about  4  kg  of  p o l y m e r -  

free  c e l l s .  

The  polymers  of  Examples  16  -   20  were  each  copolymers  

c o n t a i n i n g   β - h y d r o x y b u t y r i c   acid  (HB)  u n i t s   and  β - h y d r o x y v a l e r i c  
acid  (HV)  u n i t s ,   and  had  weight  average  molecular   weights  above 

300,000.   They  each  had  the  D(-)  c o n f i g u r a t i o n .  

100  par t s   by  weight  of  each  of  the  polymers  of  Examples  



16 -   20,  and  of  a  β - h y d r o x y b u t y r i c   acid  homopolymer,  were  s l u r r i e d  

with  about  10  p a r t s   by  weight   of  chloroform  and  1  par t   by  w e i g h t  

of  steamic  t a l c ,   and  g r a n u l a t e d   at  room  t empera ture   through  a  
domestic  mincer.   The  compos i t i ons   were  then  dr ied   to  remove  t h e  

chloroform  and  ex t ruded   at  190°C  and  r e g r a n u l a t e d .   The  r e s u l t i n g  

granules   were  i n j e c t i o n   moulded  at  185°C  into  t e s t   bars  using  a  

mould  t empera ture   of  60°C  and  a  coo l ing   time  of  20  sec.  The 

t e n s i l e   p r o p e r t i e s   were  measured  accord ing   to  ASTM  D  638-77a  at  a  

r a te   of  50  mm/min  and  the  impact  s t r e n g t h   a s sessed   by  the  I z o d  

impact  t e s t   accord ing   to  ASTM  D  2 5 6 - 7 8 .  

The  r e s u l t s   are  shown  in  Table  4 .  

EXAMPLE  21 

A  PVC  f o r m u l a t i o n   was  made  by  dry  b lend ing   the  f o l l o w i n g  

i n g r e d i e n t s   at  room  t e m p e r a t u r e :  



The  p r o c e s s i n g   aids  were  s l u r r i e d   with  about  10%  by  w e i g h t  

of  ch loroform,   g r a n u l a t e d   at  room  t empera tu re   through  a  d o m e s t i c  

mincer,   d r i e d ,   melt  ext ruded  at  190°C,  r e g r a n u l a t e d ,   and  ground  to  a  

p a r t i c l e   s ize   below  150 µm  before   i n c o r p o r a t i o n   in to   the  PVC  dry  b l e n d .  

The  dry  blends  were  t e s t e d   as  f o l l o w s :  

1.  50  g  of  the  mixture  was  poured  into  the  mixing  head  of  a  
Brabeader   P l a s t o g r a p h   main ta ined   at  180°C  r o t a t i n g   at  18  rpm  under  a  

p r e s su re   ram  loaded  with  a  5  kg  weight .   The  time  taken  for   g e l a t i o n  

to  occur  was  m e a s u r e d .  

2.  The  mix ture   was  cold  compressed  to  form  a  candle  which  was 
then  charged  to  an  e x t r u s i o n   rheometer   ma in ta ined   at  170°C  and  f i t t e d  

with  a  die  having   a  c i r c u l a r   o r i f i c e   of  1  mm  d iameter   and  20  mm  l a n d  

leng th .   A f t e r   the  charge  had  hea ted   to  170°C,  i t   was  ex t ruded   a t  

i n c r e a s i n g   r a t e s .   The  appearance  of  the  ex t ruda t e   was  noted  and  t h e  

melt  e x t e n s i b i l i t y   a s se s sed   by  a t t e m p t i n g   to  draw  the  e x t r u d a t e   away 
from  the  d i e .  

The  r e s u l t s   are  shown  in  Table  5 .  



This  example  shows  tha t   the  copolymers  are  s u p e r i o r   t o  

β  - h y d r o x y b u t y r i c   acid  homopolymer  as  a  v iny l   c h l o r i d e   p o l y m e r  

p r o c e s s i n g   a id .   The  more  random  copolymer  A  was  c l e a r l y   s u p e r i o r   t o  

the  copolymer  B . .  

EXAMPLE  22 

A  medium  H  was  made  up  to  the  f o l l o w i n g   c o m p o s i t i o n :  

This  medium  had  a  pH  of  7 .  

Eight   1  l i t r e   shake  f l a sk s   each  c o n t a i n i n g   500  ml  of  medium 

H,  in  which  0.5  g  of  m e t h a c r y l i c   acid  had  been  d i s s o l v e d ,   were  each  

i n n o c u l a t e d   with  5  ml  of  a  s t a r t e r   c u l t u r e   of  Nocard ia   s a l m o n i c o l o r  

s t r a i n   ATCC  19149  and  i ncuba t ed   at  320C  on  a  g y r a t o r y   s h a k e r .  



0.5  g  of  m e t h a c r y l i c   acid  was  added  to  each  f l a s k   a t  

i n t e r v a l s   of  24,  48  and  72  hours  a f t e r   i n n o c u l a t i o n ,   and  a  f i n a l  

a d d i t i o n   of  0.25  g  of  m e t h a c r y l i c   acid   was  made  96  hours  a f t e r  

i n n o c u l a t i o n .   Af te r   a  t o t a l   of  108  hours  a f t e r   i n n o c u l a t i o n   t h e  

f l a s k s   were  examined:  l i t t l e   or  no  growth  of  the  m i c r o o r g a n i s m  

was  apparent   in  any  of  the  f l a s k s .   The  con ten t s   of  the  f l a s k s  

were  combined  and  c e n t r i f u g e d   to  give  a  p e l l e t   of  c e l l s   which  was 

dr ied   in  an  oven  and  weighed.  The  weight  of  the  p e l l e t   was 

2.81  g.  The  ce l l   content   of  the  innoculum  was  also  determined  and  

found  to  be  69.75  g .1 -1 :   Hence  the  t o t a l   weight  of  ce l l s   added ,  

as  the  innoculum,  to  the  f l a sk s   was  2.79  g .  

I t   is  concluded  t h a t ,   at  the  c o n c e n t r a t i o n s   of  m e t h a c r y l i c  

acid   employed,  t h i s   s t r a i n   does  not  a s s i m i l a t e   m e t h a c r y l i c   a c i d .  



1.  Copolymers  having   a  weight  average  mo lecu la r   w e i g h t  

above  10,000  and  c o n t a i n i n g   99.9  to  50  mole  %  of  r epea t   u n i t s  

and  0.1  to  50  mole  %  of  r e p e a t   u n i t s  

where  n  is  0  or  1  and  R1,  R2,  R3,  and  R   are  each  s e l e c t e d   f r o m  

hydrocarbon   r a d i c a l s ;   h a l o -   and  hydroxy-  s u b s t i t u t e d   h y d r o c a r b o n  

r a d i c a l s ;   hydroxy  r a d i c a l s ;   ha logen   atoms;  and  hydrogen  a t o m s ,  

p rov ided   t h a t ,   where  n  is  1,  i f   R2,  R3,  and  R4  are  each  hydrogen  a t o m s ,  
R1 is   not  m e t h y l .  

2.  Copolymers  a c c o r d i n g   to  claim  1  where in   n  is  1 .  

3.  Copolymers  a c c o r d i n g   to  claim  1  or  claim  2  wherein  Rl,  R2, 

R3  and  R4  each  c o n t a i n   l e s s   than  4  carbon  a t o m s .  

4.  Copolymers  a c c o r d i n g   to  any  one.  of  claims  1  to  3  w h e r e i n  

at  l e a s t   one  of  R1,  R2,  R3  and  R4  is  h y d r o g e n .  

5.  Copolymers  a c c o r d i n g   to  claim  4  wherein  R2,  R3  and  R4 

are  each  h y d r o g e n .  

6.  Copolymers  a c c o r d l n g   to  any  one  of  claims  1  to  5  w h e r e i n  
R1 is   e t h y l .  

7.  Copolymers  a c c o r d i n g   to  any  one  of  claims  1  to  6  having  a  

weight   average  m o l e c u l a r   weight   above  2 0 0 , 0 0 0 .  

8.  Copolymers  a c c o r d i n g   to  any   one  of  claims  1  to  7  c o n t a i n i n g  

1  to  40  mole  %  of  r e p e a t   u n i t s   I I .  

9.  A  process   for   the  p r o d u c t i o n   of  a  t h e r m o p l a s t i c   p o l y e s t e r  

wherein  a  m i c r o - o r g a n i s m   t h a t   is  capable  of  accumula t ing   a  p o l y e s t e r  

is  c u l t i v a t e d   in  an  aqueous  medium  on  a  water   so lub le   a s s i m i l a b l e  

carbon  c o n t a i n i n g   s u b s t r a t e   with  at  l e a s t   p a r t   of  the  c u l t i v a t i o n  

being  conducted  under  c o n d i t i o n s   of  l i m i t a t i o n   of  one  or  more  o f  

the  e s s e n t i a l   r e q u i r e m e n t s   for   m i c r o b i a l   growth,  but  not  p o l y e s t e r  

accumula t ion ,   c h a r a c t e r i s e d   in  t h a t ,   dur ing  at  l e a s t   pa r t   of  t h e  

pe r iod   when  the  c u l t i v a t i o n   is  so  l i m i t e d ,   the  s u b s t r a t e   c o m p r i s e s  

an  organic   acid,   or  s a l t   t h e r e o f ,   tha t   is  m e t a b o l i s a b l e   by  s a i d  

mic ro -o rgan i sm  under  sa id   l i m i t a t i o n   c o n d i t i o n s ,   to  a  p o l y e s t e r  

o the r   than  one  composes  s o l e l y   o f  -   O.CH(CH3).CH2. CO -  r epea t   u n i t s .  



10.  A  p rocess   accord ing   to  claim  9  wherein  the  acid  i s  

s e l e c t e d   from  p r o p i o n i c ,   i s o b u t y r i c ,   and  a c r y l i c   a c i d .  

11.  A  p rocess   accord ing   to  claim  9  or  claim  10  wherein  the  acid  i s  

is  the  sole  s u b s t r a t e   for   at  l e a s t   pa r t   of  the  per iod   dur ing   which  

the  c u l t i v a t i o n   of  the  m ic ro -o rgan i sm  is  conducted  under  c o n d i t i o n s  

of  l i m i t a t i o n   of  one  or  more  of  the  e s s e n t i a l   r equ i remen t s   f o r  

m i c r o b i a l   growth  but  not  p o l y e s t e r   a c c u m u l a t i o n .  

12.  A  p rocess   accord ing   to  claim  11  wherein  the  acid  is  t h e  

sole  s u b s t r a t e   th roughout   the  c u l t i v a t i o n   of  the  m i c r o - o r g a n i s m .  

13.  A  p rocess   accord ing   to  any  one  of  claims  9  to  11  w h e r e i n  

the  m ic ro -o rgan i sm  is  grown  us ing   a  c a rbohydra t e   as  a  s u b s t r a t e .  

14.  A  p rocess   accord ing   to  claim  13  wherein  the  c a r b o h y d r a t e  
is  g l u c o s e .  

15.  A  p rocess   accord ing   to  claim  13  or  claim  14  wherein ,   f o r  
at  l e a s t   pa r t   of  the  pe r iod   when  the  c u l t i v a t i o n   is  under  c o n d i t i o n s  

of  l i m i t a t i o n   of  one  or  more  of  the  e s s e n t i a l   r equ i r emen t s   f o r  

m i c r o b i a l   growth,  but  not  p o l y e s t e r   accumula t ion ,   the  s u b s t r a t e   i s  

a  mixture   of  the  acid  and  the  c a r b o h y d r a t e .  
16.  A  p rocess   accord ing   to  any  one  of  claims  9  to  15  w h e r e i n  

the  e s s e n t i a l   r equ i remen t   for   growth,  but  not  p o l y e s t e r   a c c u m u l a t i o n ,  
tha t   is  l i m i t e d ,   is  the  n i t r o g e n   s o u r c e .  
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